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1. INTRODUCTION 
In the majority of binary compounds of transition
metals, nonstoichiometry is realized due to the
replacement of atoms of one of the sublattices by
structural vacancies [1]. In titanium monoxide TiOy,
structural vacancies are contained simultaneously in
two sublattices [2–4]. If the compound has the equi
atomic composition (y = 1), the content of vacancies
is approximately equal to 15 at % in each sublattice
[2–4]. When the composition deviates from stoichio
metric, the content of vacancies increases in one of the
sublattices and decreases in the other. In order to show
the existence of vacancies in both sublattices of tita
nium monoxide, it is usual to use the formula TixOz or
Tix1 – xOz1 – z, where x and z are the fractions of
atomic positions in the titanium and oxygen sublat
tices, respectively;  and  are structural vacancies in
these sublattices. The composition y, which is speci
fied in the formula TiOy, is equal to z/x. Owing to the
high content of structural vacancies, the composition
y of titanium monoxide varies over a wide range from
0.70 to 1.25 [2]. 
Titanium monoxide has a basic structure of the B1
(NaCl) type. Vacancies can be located in sites of the
sublattices either without a longrange order or in an
ordered manner. If the vacancies are arranged ran
domly, the structure retains the cubic symmetry of the
B1 basic structure [2, 3, 5]. The cubic phase with a dis
ordered arrangement of vacancies is in thermody
namic equilibrium at temperatures above 1263 K [2].
During a slow annealing below 1263 K, there occurs a
redistribution of vacancies over sites of the sublattices
of the basic structure, which results in the formation of
ordered phases [2, 3, 5, 6]. For titanium monoxide
with the stoichiometric composition (y = 1.0), the
ordering leads to the formation of the ordered mono
clinic phase Ti5O5 (Ti51O51) with the unit cell
shown in Fig. 1. Each sublattice of the B1 basic struc
ture of the ordered phase contains 1/6 of vacant sites. 
Theoretical investigations of the electronic struc
ture, as well as calculations of the total energy and the
enthalpy of formation of titanium monoxide, which
are presented in [7–12], have demonstrated that the
ordered structure Ti51O51 is energetically more
favorable as compared to the disordered structure. The
stabilization of the B1 basic structure manifests itself
both as a significant change of the 3d electronic states
of titanium atoms surrounding the oxygen vacancy
[10, 12] and as a decrease of the Madelung energy due
to the ordering of vacancies [7, 8, 10]. 
The annealing of titanium monoxide at high pres
sures and temperatures makes it possible to decrease
the content of vacancies down to their complete
removal from the compounds [13, 14]. According to
Taylor and Doyle [13], the zero concentration of
vacancy can be achieved by annealing at a temperature
of 1650 K and a pressure of 77.4 kbar. Bartkowski et al.
[14] synthesized samples of vacancyfree titanium
monoxide at a temperature of 1938 K and a pressure of
80.0 kbar. The theoretical study performed by Anders
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son et al. [9] demonstrated that the titanium monox
ide phase with the complete absence of vacancies
should be in thermodynamic equilibrium only at high
pressures; however, it is known that this phase is also
stable under normal conditions [13, 14]. Therefore, a
change in the concentration of vacancies, along with
the change in stoichiometry and with the ordering, can
be used to purposefully control the properties of the
compound, which extends the region of its practical
applications. 
Titanium monoxide without vacancies should have
a perfect B1type structure and a stoichiometric com
position. At the same time, the disordered cubic phase
TiOy has a very wide homogeneity region with the
lower boundary lying in the range of 0.7–0.9 and the
upper boundary in the range of 1.25–1.33 [2–6, 15].
The homogeneity region of the ordered monoclinic
phase Ti5O5 (Ti51O51), according to the data
reported by Watanabe et al. [2], lies in the range from
0.9 to 1.1, but according to the data presented by Mur
ray and Wriedt [15], it is completely absent. In the
presence of a nonstoichiometry, structural vacancies
should be contained in at least one of the sublattices of
the B1 basic structure. 
It is known that experiments on the decrease in the
concentration of vacancies in titanium monoxide were
carried out only on samples of stoichiometric compo
sition. Since the possibility of varying the concentra
tion of vacancies in both the titanium sublattice and
the oxygen sublattice exists for the disordered phase at
normal pressure, it can be assumed that the same pos
sibility will also continue to exist in titanium monox
ide at a high pressure, when the concentration of
vacancies in both sublattices is decreased to the mini
mum possible level. 
In the disordered cubic phase with a deviation from
stoichiometry, the concentration of vacancies
increases in one of the sublattices and decreases in the
other [4]. If there are no vacancies in one of the sub
lattices, the change in the composition of titanium
monoxide can occur only by varying the concentration
of vacancies in the other sublattice. It is reasonable to
assume that the hightemperature annealing at high
pressures for samples of nonstoichiometric composi
tion should lead to the removal of vacancies from only
one sublattice. Such a behavior of structural vacancies
has not been considered previously. Theoretical stud
ies on simulation and calculation of the energy param
eters for a possible structure of the highpressure phase
of nonstoichiometric compositions have also not been
performed. 
The electronic structure and stability of the disor
dered cubic phase of titanium monoxide with different
compositions were investigated in [11, 16]. In our
recent work [11], it was shown that the stability of the
phase increases with an increase in the oxygen con
centration, and conclusions were drawn about the
influence of different concentrations of vacancies in
the metallic and nonmetallic sublattices of the B1
basic structure of titanium monoxide. An increase in
the concentration of vacancies in the oxygen sublattice
and a decrease in their concentration in the titanium
sublattice lead to a local decrease in the density of
states at the Fermi level due to the redistribution of Ti
3d states, whereas a decrease in the concentration of
oxygen vacancies and an increase in the concentration
of titanium vacancies significantly decrease the Fermi
energy. In this respect, the investigation of the elec
tronic structure and total energy of the highpressure
phase is interesting in that it will provide a means for
elucidating the influence of vacancies in only one sub
lattice with their complete absence in the other sublat
tice over the entire homogeneity region of the com
pound. 
The purpose of this work was to elucidate the influ
ence of vacancies in the titanium and oxygen sublat
tices on the electronic structure and stability of the
highpressure phase of titanium monoxide of substo
ichiometric (y < 1.0) and superstoichiometric (y > 1.0)
compositions both with an ordered arrangement and
with a disordered arrangement of vacancies. 
2. CALCULATION METHOD 
The theoretical study of the electronic structure
and calculations of the total energy were performed in
[100]B1
[010]B1 = b
Titanium
Oxygen
Titanium vacancy
Oxygen vacancy
a
c
[001]B1
Fig. 1. Unit cell of the Ti51O51 superstructure [1, 2, 5].
The axes a, b, and c of the superstructure and the direc
tions of the B1 basic structure are shown. 
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the framework of the density functional theory (DFT)
[17, 18] using the exchange–correlation potential of
the generalized gradient approximation (GGA) cor
rection in Perdew–Burke–Ernzerhof (PBE) version
[19]. All the selfconsistent calculations were carried
out using the plane wave pseudopotential approach
implemented in the QUANTUM ESPRESSO soft
ware package [20]. The kinetic energy of plane waves
did not exceed 45 Ry. In addition to the valence levels,
the pseudopotential of titanium included the core 3s3p
states. The calculations were performed on the
“Uran” supercomputer at the Institute of Mathemat
ics and Mechanics of the Ural Branch of the Russian
Academy of Sciences (Yekaterinburg, Russia). 
In order to take into account the disorder in the
arrangement of vacancies in the calculations of the
electronic structure, we used the supercell method.
The supercell was constructed by a twofold translation
of the unit cell of the ordered monoclinic phase Ti5O5
along the crystallographic directions a and b. It con
tained 96 sites of the B1 basic structure. The ordered
state was simulated by placing vacancies only in the
sites corresponding to sites of the sublattices of vacan
cies in the ordered monoclinic phase. It is clear that
the complete ordering is possible only for the compo
sitions y = 5/6 and 6/5. This case corresponds to the
hypothetical superstructures Ti6O51 and Ti51O6,
which were considered in [9]. As the index y increases
from 5/6 to 1, the concentration of oxygen vacancies
in Ti6O51 decreases to zero. Similarly, the titanium
sublattice in Ti51O6 is filled with atoms to 100% with
a decrease in the index y from 6/5 to 1. It is assumed
that the atoms which appear in the sublattices of
vacancies in the ranges 5/6 < y < 1 and 1 < y < 6/5 are
arranged randomly in the corresponding sublattices;
i.e., the sublattices of vacancies become disordered.
Therefore, in the investigation of the Ti6O51 and
Ti51O6 superstructures, we also used the supercell
method. For each chosen composition y, we con
structed ten supercells with a random arrangement of
vacancies either in the titanium sublattice or in the
oxygen sublattice of the B1 basic structure, or only in
the sublattices of titanium vacancies or oxygen vacan
cies of the Ti51O51 superstructure in the case of
Ti6O51 and Ti51O6. The results of the calculations
for ten supercells were averaged. Since the appearance
of vacancies can cause a displacement of atoms with
respect to the sites of the basic structure, in all cases we
carried out the relaxation of atomic positions. 
The enthalpy of formation was calculated using the
formula 
(1)
where k is the coefficient of conversion into kJ/mol;
 is the total energy of titanium monoxide per cell
(or per supercell for TiOy); NTi and NO are the numbers
ΔHTiOy = k ETiOy NTiETi–
1
2
 NOEO2–⎝ ⎠
⎛ ⎞ /N kJ/mol[ ],
ETiO2
of titanium and oxygen atoms in the cell (supercell),
respectively; ETi is the total energy of metallic titanium
per atom;  is the total energy of the oxygen mole
cule with inclusion of the effect of spinpolarization;
and N is the number of structural units in the cell
(supercell). If it needs to compare the enthalpies of
formation of the phases of stoichiometric composi
tions, the structural unit should be taken as the Ti–O
pair; then we obtain N = 40. In the analysis of the
influence of one of the phases, we should use the struc
tural unit Tix1 – xOz1 – z or TiOy. In this case, the
value of N is always equal to 48 or to the number of
titanium atoms in the supercell. Different phases of
the same composition y may contain different concen
trations of vacancies in the sublattices. Therefore, if it
needs to compare the stabilities of different phases of
the same composition y, the structural unit should be
considered only as TiOy; then the value of N will be
equal to the number of titanium atoms in the supercell. 
3. DEPENDENCE OF THE LATTICE 
CONSTANT AND FRACTION OF ATOMIC 
POSITIONS IN SUBLATTICES
ON THE COMPOSITION 
Changes in the concentration of vacancies in the
titanium and oxygen sublattices affect the lattice con
stant of the B1 basic structure. The lattice constant is
equal to 418.2 pm for the disordered cubic phase and
414.2 pm for the ordered monoclinic phase [5]. The
dependence of the lattice constant on the composition
was experimentally investigated only for the disor
dered cubic phase [21, 22]. The data obtained in [22]
are approximated by the linear relationship 
a = 424.5 – 6.4y [pm]. (2)
It is assumed that the dependence of the lattice con
stant on the composition for the ordered monoclinic
phase can be described by the equation of a straight
line with the same slope. In this case, over the entire
homogeneity region, the difference in the lattice con
stants of the B1 basic structure for the ordered mono
clinic and disordered cubic phases is equal to 4 pm.
Both dependences are shown by lines 1 and 2 in Fig. 2. 
The concentrations of vacancies in the sublattices
as functions of the composition were experimentally
investigated in [4, 21, 22]. Based on these data, it was
proposed in [8] to use approximate linear depen
dences (lines 1, 2 and 3, 4 in Fig. 3). The homogeneity
region taken for the calculations in [8, 11] lies in the
range from 0.75 to 1.33. The concentration of vacan
cies at the boundaries of the homogeneity region
should reach 25% in one of the sublattices and vanish
in the other. The difference between the highpressure
phase and the disordered cubic phase lies in the fact
that, in the former case, the deviation from the sto
ichiometric composition will not lead to a change in
the concentration of vacancies in one of the sublattices
EO2
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(lines 5, 6 and 7, 8 in Fig. 3). The sublattice of titanium
vacancies in the Ti51O6 superstructure, as well as the
sublattice of oxygen vacancies in the Ti6O51 super
structure, corresponds to no more than 1/6 (16.7%) of
the sites in one of the sublattices of the B1 basic struc
ture, while vacancies in the other sublattice are absent.
Therefore, the homogeneity region of the Ti6O51 and
Ti51O6 superstructures is narrower than the homoge
neity region of the disordered cubic phase (Fig. 3). 
The disordered cubic phase at the boundaries of the
homogeneity region is identical in the concentration
of vacancies to the highpressure phase (Fig. 3); there
fore, both phases should have the same lattice con
stant. The experimentally determined lattice constant
of the highpressure phase of stoichiometric composi
tion, for which there are no vacancies in both sublat
tices, is equal to 420.6 pm. When experimental data
for nonstoichiometric compositions are not available,
we should use a linear dependence of the lattice con
stant on the composition for one of the sublattices
(lines 3 and 4 in Fig. 2). A similar assumption should
be made in the case of an ordered arrangement of
vacancies (lines 5 and 6 in Fig. 2). Thus, all the calcu
lations were carried out using the model dependences
of the lattice constant and the concentration of vacan
cies on the composition (Figs. 2 and 3). 
The number of atoms and vacancies in the super
cell as a function of the composition is presented in the
table. The calculations were performed for all compo
sitions in the case of a disordered arrangement of
vacancies and only for the compositions in the region
from y = 40/48 to 48/40 in the case of the Ti6O51 and
Ti51O6 superstructures. 
4. ELECTRONIC STRUCTURE 
Figure 4 shows the electron densities of states for
titanium monoxide without vacancies (Fig. 4a), the
ordered monoclinic phase (Fig. 4b), and the disor
dered cubic phase (Fig. 4c) according to the data
obtained in [11]. Figure 5 presents the electron densi
ties of states calculated in this work for the highpres
sure phase of substoichiometric (Fig. 5a) and supers
toichiometric (Fig. 5b) compositions. Figure 6 shows
the electron densities of states for the hypothetical
superstructures Ti6O51 (Fig. 6a) and Ti51O6
(Fig. 6b) of different stoichiometric compositions.
The composition y = 40/48 (40 oxygen atoms and 48
titanium atoms in the supercell) corresponds to the
completely ordered superstructure Ti6O51, and the
composition y = 48/40 (48 oxygen atoms and 40 tita
nium atoms in the supercell), to the completely
ordered superstructure Ti51O6. 
In all the considered cases, the lowenergy part of
the band of occupied states is formed predominantly
by the O 2p states, and the highenergy part of this
band is formed primarily by the Ti 3d states. The high
pressure phase of stoichiometric composition (vaca
tions are completely absent) has the highest density of
states at the Fermi level, whereas the ordered mono
clinic phase Ti51O51 is characterized by the lowest
density of states due to the presence of the pseudogap.
A disordering of vacancies substantially decreases the
422
Lattice constant a, pm
420
418
416
414
412
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
y
2
6
1
4
5
3 I
II
III
Fig. 2. Dependence of the lattice constant on the compo
sition of titanium monoxide TiOy: (I) experimental data
for the disordered phase [22] (these data are approximated
by the equation of straight line 1), (II) lattice constant of
the disordered phase, and (III) lattice constant of the basic
structure of the ordered phase (parameter b of the mono
clinic unit cell in Fig. 1) of stoichiometric composition
according to [2]. (2) Proposed dependence for the ordered
monoclinic phase Ti51O51; (3, 4) proposed depen
dences for the highpressure phase with a disordered
arrangement of vacancies; and (5, 6) similar dependences
for the Ti6O51 and Ti51O6 superstructures, respectively. 
Fraction of atomic positions
0.75
0.70
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
y
0.80
0.90
0.85
0.95
1.00
3 1
2
7
6 8
4
5
Fig. 3. Dependence of the fraction of atomic positions in
the sublattices on the composition of titanium monoxide
TiOy: (1–4) approximate linear dependences for the disor
dered cubic phase and (5–8) hypothetical dependences for
the highpressure phase. Solid and dashed lines corre
spond to the titanium and oxygen sublattices, respectively. 
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pseudogap and increases the density of states at the
Fermi level. With an increase in the concentration of
vacancies in the oxygen sublattice of the highpressure
phase (Fig. 5a), the depth of the pseudogap increases.
On the other hand, an increase in the fraction of
vacancies in the titanium sublattice in the case when
they are absent in the oxygen sublattice does not lead
to the appearance of a similar dip in the density of
states near the Fermi level (Fig. 5b). According to the
data reported in [11], a dip appears in the density of
states for the disordered cubic phase of the same com
positions when a certain fraction of vacancies remains
in the oxygen sublattice. 
The appearance of the pseudogap at the Fermi level
indicates a redistribution of Ti 3d states due to the
strengthening of the covalent bonds between the tita
nium atoms near oxygen vacancies. This mechanism
was thoroughly considered in [10] for the ordered
monoclinic phase Ti51O51. The results of our work
have demonstrated that the appearance of a dip in the
density of states at the Fermi level is possible even in
the absence of vacancies in the titanium sublattice, but
it is not transformed into a full pseudogap such as in
Ti51O51. It should be noted that the considered
effect is revealed only for the disordered phase and, in
this case, the ordering of oxygen vacancies according
to the type of the Ti5O51 superstructure (Fig. 6a) does
not lead to a decrease in the density of states directly at
the Fermi level. This fact suggests that the effect
caused by the ordering of oxygen vacancies according
to the type of the O51 superstructure, which was con
sidered in [10], will take place only with the simulta
neous ordering of titanium vacancies according to the
type of the Ti51 superstructure, i.e., with the forma
tion of the monoclinic phase Ti51O51. 
5. ENTHALPY OF FORMATION 
Figure 7 shows the dependences of the enthalpy of
formation and the Fermi energy on the composition of
the highpressure phase with a disordered arrange
ment of vacancies. Similar dependences for the
Ti6O51 and Ti51O6 superstructures are presented in
Fig. 8. In both cases, the stability of titanium monox
Number of atoms and vacancies in the supercell
y Number of atoms inthe titanium sublattice
Number of vacancies in 
the titanium sublattice
Number of atoms in
the oxygen sublattice
Number of vacancies in
the oxygen sublattice
36/48 48 0 36 12
38/48 48 0 38 10
40/48 48 0 40 8
42/48 48 0 42 6
44/48 48 0 44 4
46/48 48 0 46 2
48/48 48 0 48 0
48/46 46 2 48 0
48/44 44 4 48 0
48/42 42 6 48 0
48/40 40 8 48 0
48/38 38 10 48 0
48/36 36 12 48 0
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100
0
120
60
0
80
40
0
−12 −10 −8 −6 −4 −2 0 2 4
E − EF, eV
D
O
S
, 
st
at
es
/e
V
 s
u
p
er
ce
ll
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(a)
Fig. 4. Electron densities of states of (a) titanium monox
ide without vacancies, (b) ordered monoclinic phase
Ti51O51, and (c) disordered cubic phase of stoichiomet
ric composition [11]. The Fermi level EF is indicated by
the dashed line. 
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ide increases with an increase in the oxygen concen
tration. For comparison, Fig. 7 shows the data
obtained in [11] for the disordered cubic phase. Over
the entire homogeneity region of titanium monoxide,
the disordered cubic phase at sufficiently low temper
atures and pressures is energetically more favorable
than the highpressure phase. The largest difference in
the enthalpies of formation is observed in the case of
stoichiometric compositions. It is equal to 23.7 kJ/mol
and accounts for 4.8% of the enthalpy calculated for
vacancyfree TiO (highpressure phase of stoichio
metric composition). With an increase in the distance
from the point y = 1.0, this difference decreases to
zero. In the model accepted in the present study, the
highpressure phase at y = 0.75 and 1.33 is equivalent
to a disordered cubic phase of the same compositions.
Consequently, at the boundaries of the homogeneity
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Fig. 5. Electron densities of states as functions of the composition, calculated for the highpressure phase with a disordered
arrangement of structural vacancies in the case of (a) substoichiometric and (b) superstoichiometric compositions. The Fermi
level EF is indicated by the dashed line. 
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Fig. 6. Electron density of states as functions of the composition, calculated for (a) Ti6O51 and (b) Ti51O6 superstructures. The
Fermi level EF is indicated by the dashed line. 
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region, the enthalpies of formation of the two phases
coincide with each other. 
In [9–12], it was shown that the ordered mono
clinic phase is energetically more favorable than the
disordered cubic phase. Nonetheless, the enthalpy of
formation of hypothetical ordered phases, which are
formed from the monoclinic phase by means of the
complete removal of vacancies from one of the sublat
tices, turned out to be even somewhat higher than the
enthalpy of formation of the highpressure phase,
although the difference in the enthalpies in this case
lies within the standard deviation and varies in the
range from 0 to 3.5 kJ/mol (0–0.7%). A variation in
the lattice constant of the basic structure also did not
lead to a substantial decrease in the energy of the
ordered state as compared to the disordered state.
Therefore, it should be concluded that the ordering
according to the type of the Ti6O51 and Ti51O6
superstructures is energetically unfavorable. A signifi
cant decrease in the total energy of the system due to
the ordering occurs in the case when vacancies exist in
both sublattices of the B1 basic structure, i.e., in the
case of the formation of the monoclinic superstructure
Ti51O51. The difference in the enthalpies of forma
tion of the phases Ti51O51 and vacancyfree TiO,
according to [11], is equal to 49.6 kJ/mol (9.7%). 
The analysis of the dependences of the Fermi
energy on the composition confirms the conclusion
[11] that vacancies in the titanium sublattice decrease
the Fermi energy to a considerably greater extent than
vacancies in the oxygen sublattice. This is true not only
for the boundaries but also for the entire region of
homogeneity. 
6. CONCLUSIONS 
In this work, the electronic structure and stability
of the disordered and ordered phases of titanium mon
oxide TiOy with vacancies in only one of the sublattices
have been investigated by the supercell method within
the DFTGGA approach using pseudopotentials. The
calculation of the enthalpy of formation have demon
strated that, over the entire homogeneity region,
except for its boundaries, the studied phases are ener
getically unfavorable as compared to the disordered
cubic phase, in which vacancies are contained simul
taneously in two sublattices. The removal of vacancies
from one of the sublattices of titanium monoxide
increases the energy of the compound. The ordering of
vacancies remaining in the other sublattice according
to the type of the Ti6O51 and Ti51O6 superstructures
gives no energy gain in comparison with their disor
dered state. The energy of the crystal significantly
decreases due to the ordering according to the
Ti51O51 type when vacancies are contained simulta
neously in both sublattices. 
In the case of a disordered arrangement of vacan
cies in the oxygen sublattice both in the absence and in
the presence of vacancies in the titanium sublattice,
there arises a small dip in the electron density of states
at the Fermi level due to the redistribution of Ti 3d
states. Upon ordering according to the type of the
Ti51O51 superstructure, this dip increases and gives
a pseudogap at the Fermi level. The ordering accord
ing to the Ti6O51 and Ti51O6 types does not lead to
similar redistribution of electronic states. 
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y
Fig. 7. Dependences of the enthalpy of formation and the
Fermi energy on the composition y for the highpressure
phase with a disordered arrangement of vacancies. Also
shown for comparison are similar dependences for the dis
ordered cubic phase according to the data obtained in [11].
TiOy is taken as the structural unit for the calculation of the
enthalpy of formation. The rootmeansquare deviations
of all the data do not exceed 3 kJ/mol for the enthalpy and
0.05 eV for the Fermi energy. 
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Fig. 8. Dependences of the enthalpy of formation and the
Fermi energy on the composition y for the highpressure
phase with an ordered arrangement of vacancies. TiOy is
taken as the structural unit for the calculation of the
enthalpy of formation. The rootmeansquare deviations
of all the data do not exceed 3 kJ/mol for the enthalpy and
0.05 eV for the Fermi energy. 
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